Histone chaperones represent a structurally and functionally diverse family of histone-binding proteins that prevent promiscuous interactions of histones before their assembly into chromatin. DAXX is a metazoan histone chaperone specific to the evolutionarily conserved histone variant H3.3. Here we report the crystal structures of the DAXX histone-binding domain with a histone H3.3-H4 dimer, including mutants within DAXX and H3.3, together with in vitro and in vivo functional studies that elucidate the principles underlying H3.3 recognition specificity. Occupying 40% of the histone surface-accessible area, DAXX wraps around the H3.3-H4 dimer, with complex formation accompanied by structural transitions in the H3.3-H4 histone fold. DAXX uses an extended a-helical conformation to compete with major inter-histone, DNA and ASF1 interaction sites. Our structural studies identify recognition elements that read out H3.3-specific residues, and functional studies address the contributions of Gly 90 in H3.3 and Glu 225 in DAXX to chaperone-mediated H3.3 variant recognition specificity.
The biology of histone proteins encompasses their synthesis in the cytosol, nuclear import and incorporation into nucleosomes, as well as subsequent eviction from chromatin, redeposition, storage or degradation 1, 2 . Exchange of relatively minor histone variants into distinct, nonrandom genomic locations represents a long-standing mechanism for introducing variation into the chromatin polymer. One compelling example of this mechanism is provided by the mammalian histone H3 family, wherein specialized H3 proteins exist at centromeric (CENPA) and noncentromeric (H3.1, H3.2, H3.3) locations with important distinct functional consequences 3 . H3.3, for example, has long been correlated with 'active' chromatin, but recently has been found associated with other genomic loci, including telomeres 4, 5 . H3.3 enrichment at telomeres and other genomic loci is achieved by specialized chaperone assembly systems, one of which, DAXX, is highlighted in this study.
DAXX is a histone chaperone specific to the evolutionarily conserved histone replacement variant H3. 3 (refs 6, 7) that has been shown to deposit H3.3 at heterochromatic loci in vivo in cooperation with the ATP-dependent chromatin remodeller ATRX 4, 5 . Although direct mechanistic links are missing, ATRX/DAXX-mediated heterochromatin maintenance has been implicated in telomere stability, and the suppression of pancreatic neuroendocrine tumours (panNET) 8, 9 and paediatric glioblastomas 10 , underscoring the importance of gaining more structural and functional insights into DAXX-H3.3 biology.
Our understanding of the mechanism of histone shuttling, handover between different chaperone systems, and histone transfer onto and off DNA has been hampered by the as-yet-limited number of co-structures of histone-chaperone complexes 1, 11 . Here we report on the crystal structure of the histone-binding domain (HBD) of the histone chaperone DAXX bound to H3.3-H4 dimer, wherein the DAXX HBD wraps around the H3.3-H4 dimer, as well as in vitro and in vivo functional studies to account for the specificity of DAXX for histone variant H3.3.
Structure of the DAXX-H3.3-H4 complex
On the basis of previous biochemical studies 7 , we identified the minimal HBD of DAXX (residues 178-389) that formed a biochemically stable complex with H3.3-H4. We found that introducing a small number of rigidifying substitutions from the centromeric H3 variant CENPA 12, 13 into the H3.3 sequence enabled crystallization of this complex. Distinct crystal forms of DAXX-H3.3-H4 complexes with either five (S96A, Y99F, G102A, A111T and M120F) or seven (additional A75C and F84W) rigidifying substitutions in H3.3 (in magenta background, Fig. 1a ) yielded structures refined to 1.95 Å and 2.60 Å resolution, respectively (X-ray statistics in Supplementary Table 1 ). The five-and seven-substituent structures of the DAXX-H3.3-H4 complexes superpose quite well (stereo view in Supplementary Fig. 1b ) with a root mean squared deviation of 0.65 Å . Notably, these rigidifying substitutions do not abrogate the formation of a complex with DAXX in vivo ( Supplementary Fig. 2a, b, d ).
The DAXX HBD adopts an all a-helical fold and wraps around the H3.3-H4 dimer through formation of a 1:1:1 ternary complex, thereby burying 4,500 Å 2 of surface area (measured using ArealMol in CCP4 program; 40% of the histone surface) in the process (Fig. 1b) . The unique variant-specific Ala 87-Ala 88-Ile 89-Gly 90 segment located on a2 helix of H3.3 (in blue background, Fig. 1a ) is positioned at the junctional core of H3.3-H4 (boxed segment in red in Fig. 1b) and is surrounded by loop and helical segments in the complex (expanded view in Fig. 1c) . Helices a1 and a2 of DAXX form a coiled-coil (hereafter designated as 'tower') that packs against a hydrophobic patch of the H3.3 aN helix ( Supplementary Fig. 3a, d ). The tower helices of DAXX bury a contiguous 1,800 Å 2 surfaceaccessible area spanning aN, a1 and a2 helices and loops of H3.3 (Fig. 1b, c and Supplementary Fig. 1a ). The tower helices are followed by a fully ordered 20-residue linker, threading along the DAXX a5 helix and connecting to a helix bundle of a3, a4 and the base of a5. The a5 helix of DAXX is kinked and aligned antiparallel to the a2 helix of H3.3 in the complex (Fig. 1b) , thereby tracking another hydrophobic patch on H3.3 ( Supplementary Fig. 3b, e) . Finally, the a6 helix of DAXX forms an antiparallel coiled-coil pair with the a2 helix of H4 (Fig. 1b) and spans H4 along its amino-terminal half and the interface between H3.3 and H4 along its carboxy-terminal half ( Fig. 1b and Supplementary Fig. 3c, f) .
Highlighting the evolution of DAXX as a histone chaperone, highly conserved residues among metazoan species in the DAXX histonebinding domain cluster along the histone interface ( Supplementary  Fig. 4a, b) . Formation of a DAXX-H3.3-H4 complex seems to require both hydrogen bonding, electrostatic and hydrophobic interactions and is sensitive to single-point Ala mutations of conserved DAXX residues Ser 220, Tyr 222, Arg 251, Phe 317, Arg 328, Asp 331 and Asp 349 ( Fig. 1d and Supplementary Fig. 5 ), as monitored in vivo (Fig. 1e) .
We note that there is a marked similarity between the antiparallel coiled-coil formed by the a6 helix of DAXX (in magenta) and the a2 helix of H4 (in green) in the DAXX-H3.3-H4 complex ( Fig. 1f) with that formed by the sole helix of HJURP (in orange) and a2 helix of CENPA (in dark blue) in the HJURP-CENPA-H4 complex [14] [15] [16] ( Fig. 1g) . Remarkably, the observed coiled-coil interactions are mediated by the interfacial DXXLXXXL(X) 13 VIXKY helical segment common to both chaperones (Fig. 1f, g and Supplementary Fig. 6a, b) . Mutations of interfacial H4 residues abrogate in vitro binding of the isolated DAXX a6 helix to H3.3-H4 ( Supplementary Fig. 6c ), revealing that the a6 helix of DAXX has intrinsic propensity to bind H4 (Fig. 1f) , and not H3, as the corresponding helix does in the HJURP complex (Fig. 1g) . Although functionally distinct, we therefore conclude that DAXX and HJURP histone chaperones have evolved a common mode of contacting the histone core.
DAXX competes with histone-DNA contacts
Overlay of the DAXX HBD bound to a H3.3-H4 dimer with that of the histone dimer in the context of the nucleosome (Fig. 2a, b and Supplementary Fig. 7a, b) suggests that the DAXX HBD competes with major histone-DNA contacts. It is readily apparent that a1 and a2 helices of the tower segment of DAXX in the DAXX-H3.3-H4 ternary complex would severely clash with the DNA wrapped around the H3-H4 core (Fig. 2a) . Six acidic residues in the L1 loop of DAXX HBD track a basic patch on H3.3 that contacts the DNA within the nucleosome.
Furthermore, a shift in the positioning of the aN helix by three residues and an unwinding of the C terminus of the a2 helix in the DAXX complex is apparent (Fig. 2c) . The aN helix of H3.3, which forms extensive contacts with the DNA at its entry and exit sites on the nucleosome 17 , flips over in the DAXX complex by 180u, and is covered by a1 and a2 helices of DAXX in the complex (aN helix in yellow and conformational transition indicated by red arrow in Fig. 2b ). The DAXX HBD-H3.3-H4 complex shows no detectable tetrasome assembly activity (Fig. 2d) , indicating that other parts of DAXX probably help to mediate the unwrapping of the HBD and release of histone dimer to facilitate chromatin assembly, as previously reported for full-length DAXX in vitro The stabilization of the novel conformation of the C-terminal a2-helix segment of H3.3 in the DAXX complex suggests that a H3-H39 contact in the form of a four-helix bundle is no longer possible on formation of the ternary DAXX-H3.3-H4 complex. Indeed, the central H3-H39 Cys 110 residues can be crosslinked in the H3.3-H4 tetramer, but not in the presence of DAXX HBD (Fig. 2g) . Thus, DAXX, on binding to H3.3-H4, prevents histone tetramer formation.
DAXX and ASF1 compete for H3.3-H4 dimer
The universal H3-H4 dimer chaperone, ASF1/CIA, binds to the H3-H39 interface through formation of an extended b-sheet alignment (Fig. 3a ) 18, 19 . As apparent from a comparison of their complexes with H3-H4, both DAXX and ASF1 chaperones compete for the C-terminal a2-helix segment of H3.3 as well as clashing with adjacent structural elements. In addition, DAXX and ASF1 sequester the C-terminal tail of H4 in distinct conformations (Figs 1b and 3a ; C-terminal tail in yellow in black boxed region). In the DAXX complex, the C-terminal tail is buried in a groove formed by the a5 helix of DAXX, a2 helix of H3.3 and a3 helix of H4, and is anchored through a network of hydrogen-bonding interactions (Fig. 3b) . Notably, in both DAXX and ASF1 complexes (Fig. 1b and 3a, respectively) , Phe 100 of H4 is buried in a hydrophobic pocket ( Supplementary Fig. 10a , b, respectively).
In accordance with these structural incompatibilities, pull-down experiments in vitro show that ASF1 binds free H3.3-H4, as well as H3.3-H4 from a preformed DAXX-H3.3-H4 complex, but does not pull down the intact DAXX-H3.3-H4 complex ( Supplementary Fig.  11 ). Biochemical purification from HeLa nuclear extract indicates that ASF1 and DAXX do not exist in a common complex with histones in vivo ( Supplementary Fig. 12a, b) . We therefore wondered if direct competition between histone chaperones contributes to the partitioning of histone H3.3 into distinct histone chaperone complexes. Indeed, reduction of the protein levels of ASF1A and ASF1B by combined RNA interference (RNAi) increased the amount of DAXX that associated with H3.3 in vivo (Fig. 3c, left column) . Similarly, a C110E mutation of H3.3 that selectively disrupts ASF1 binding increased the association with DAXX in vivo (Fig. 3d) . Conversely, overexpression of ASF1B and, to a marginal extent, ASF1A reduced the levels of DAXX pulled down with H3.3 in vivo (Fig. 3c, right column) . In conclusion, formation of DAXX and ASF1 complexes represents concurrent events in vivo. RESEARCH ARTICLE bottom). We analysed the effect of single point mutations in the N-terminal H3.3 tail (S31A) and the 'AAIG' motif (A87S, I89V and G90M) on association with DAXX in vivo; although A87S and I89V had little effect by themselves, G90M reduced DAXX binding by ,50% and concomitantly pulled down CAF1 subunit p150 (Fig. 4a) (Fig. 4a) . Therefore, it seems that Gly 90 is a dominant contributor to chaperone specificity in vivo, with positions Ile 87 and Ser 89 having potentially a synergistic effect with Gly 90. The local environment of the H3.3 AAIG segment in the DAXX HBD-H3.3-H4 complex is shown in Fig. 4b and highlights an extensive hydrogen-bonding network with inclusion of crystallographic water molecules in the vicinity of Gly 90 (Supplementary Fig. 13 ). Charged or polar side chains from the DAXX tower helices (Gln 206, Tyr 222, Glu 225, Lys 229), as well as residues Gly 337 and Cys 338 from the DAXX L5 linker, were found to line a solvent-filled cavity that is confined by the H3.3 aN and a2 helices. We identify ten bound water molecules that form a total of 26 hydrogen bonds with the main and side chains of DAXX and H3.3 (Fig. 4b) .
Relying again on the five stabilizing H3.3 substitutions, we solved the crystal structure of DAXX bound to H3.3(G90M)-H4 and refined it to 2.05 Å resolution (X-ray statistics in Supplementary Table 2 ) and compared alignment of side chains in the vicinity of the H3-variantspecific segment (Fig. 4c) . The structure of the G90M-substituted H3.3 complex shows only four bound water molecules and a total of eight hydrogen bonds (Fig. 4c and Supplementary Figs 13b and 14) . Importantly, the structure of the G90A-substituted H3.3 complex refined to 2.20 Å resolution (X-ray statistics in Supplementary Table 2) also shows fewer water molecules and hydrogen bonds ( Supplementary Fig. 15a ). Thus, it is not simply an issue of the larger Met 90 displacing the remaining solvent molecules, as essentially the same effect is observed with the smaller Ala 90 side chain. In conclusion, the integrity of the hydrogen bond network in the vicinity of position 90 seems to favour Gly (in H3.3) over Met (in H3.1/2) or Ala in its ternary complex with H4 and DAXX.
The DAXX tower provides specificity to Gly 90
To rationalize how the local perturbation by the H3 variant substitutions affects overall complex stability, we dissected the role of structural elements and individual residues lining the solvent-filled pocket surrounding the H3.3 AAIG motif. Notably, the H3.3 aN helix that packs against both H3.3 a1 and a2 helices and the DAXX tower helices in the DAXX-H3.3-H4 complex (Fig. 5a) is disordered in other known histone chaperone complexes 13, [17] [18] [19] , indicating that it is positioned and stabilized by hydrogen-bonding and hydrophobic 
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packing interactions with the DAXX tower (Fig. 5a) . The side chains of Ser 57 and Glu 59 of the aN helix of H3.3 participate in a hydrogen bond network with Tyr 222, Glu 225, Lys 229 and Arg 251 of DAXX in the vicinity of key variant residues of H3.3 in the complex (Fig. 5a ). The tower helices make important contacts with the H3.3 aN helix, as deletion of residues 1-60 of H3.3, but not 1-43, abrogates binding of the DAXX tower (residues 183-251) and full-length DAXX in vitro ( Fig. 5b and Supplementary Fig. 16a, respectively) . In vitro binding experiments also show that H3.3 Gln 93 and Glu 94, which appear to anchor the H3.3 a1 and aN helices relative to the central a2 helix (Fig. 4b) , are required for tower binding (Supplementary 16b). The tower extends several polar side chains-namely Gln 206, Glu 225 and Lys 229-towards the H3.3 a2 helix that are fully solvated in the wildtype complex (Fig. 4b ) but less so in the G90M (Fig. 4c ) and G90A ( Supplementary Fig. 15a ) mutant complexes. Replacement of these side chains with aliphatic side chains disrupts tower binding in vitro ( Supplementary Fig. 17 ), corroborating the importance of hydrogen bonds and polar contacts in this region.
In vitro, the DAXX tower alone recapitulates (Fig. 5c ) the in vivo pull-down data for H3.3 Gly 90 (Fig. 4a) , indicating that it confers at least part of the H3.3 variant specificity to the entire protein.
Intriguingly, tower binding to H3.2 could be rescued with a M90G mutation, but not a M90A mutation in vitro (Fig. 5c ), suggesting that insertion of any side chain at position 90 and concomitant loss of water molecules can be discriminated by the DAXX tower.
Discrimination of G90A/M by DAXX(E225A)
In the process of systematically mutating DAXX tower residues coordinating water molecules, we found that K229A and Q206A reduced binding of the tower, whereas E225A did not (Supplementary Fig. 17 ). Notably, when tested against a set of H3.3 Gly 90 mutants ( Fig. 5d and Supplementary Fig. 18 ), the E225A DAXX tower tolerated various side chains at position 90. Importantly, H3.2 with a single M90G substitution was bound by wild-type, E225A and Y222F DAXX tower (Fig. 5d) . The more stringent H3.2 M90A mutant was only bound by the E225A mutant, but not by the K229A and Y222F mutants (Fig. 5d) . This unique gain-of-function effect of the E225A mutant suggested a special role for E225A in discriminating side-chain insertions at H3.3 position 90. In the wild-type crystals of the ternary complex, residue Glu 225 of the DAXX tower positions a water molecule (number 10) close to Gly 90 (3.4 Å and 3.5 Å to the backbone Ca and N atoms, respectively) (Fig. 4b) , which is evicted in the structures of the ternary complexes of G90M (Fig. 4c) and G90A (Supplementary Fig. 15a ) mutants, providing evidence that the coordinated water contributes to the discrimination of the side chain insertions at H3.3 position 90 by DAXX Glu 225.
From our in vitro studies on the DAXX tower, we proposed that an E225A mutation would also alleviate the constraints of full-length DAXX for H3.3 Gly 90 in vivo. Indeed, when co-expressed with H3.3 or H3.2 in vivo, the DAXX(E225A) mutant associated with both, although more weakly with H3.2, whereas wild-type DAXX binding was markedly reduced for H3.2 (Fig. 5e) . Therefore, removal of the Glu 225 side chain of DAXX induced a gain-of-function effect on binding H3.2 in vivo.
To follow up on this hypothesis, we have also solved structures of five-substituent complexes containing the DAXX(E225A) mutant and the dual DAXX(E225A)-H3.3(G90A) mutants refined to 1.95 and 2.20 Å resolution, respectively ( Fig. 5f and Supplementary Fig. 15b , respectively; X-ray statistics in Supplementary Table 2 ). In the E225A mutant structure, the hydration network is minimally perturbed, with a new water, number 11, occupying the same position as that of the Glu 225 carboxylate group ( Fig. 5f and Supplementary Fig. 13c , compare with Fig. 4b) . Similarly, the hydration network is retained in the structure of the dual E225A/G90A mutant ( Supplementary Fig. 15b ) relative to the E225A mutant (Fig. 5f ). These observations highlight the contribution of water-mediated interactions in molecular recognition and discrimination 21 of histone variants by the H3.3-H4 chaperone DAXX. The implications of the structure-function studies reported here promise to be far-reaching in understanding how variation in histone sequence allows functional diversification of histone deposition pathways in maintaining specialized chromatin structure at a wide range of genomic loci, including telomeres. 
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METHODS SUMMARY
DAXX HBD-H3.3-H4 complexes for crystallization were co-expressed and purified natively or mixed and refolded in vitro. The crystals grew in 1.8 M Na/Kphosphate, pH 6.8 or 7.0 at 4 uC with or without micro-seeding and took 1-2 months to grow to suitable size for data collection. The initial model was solved by molecular replacement (MR) program BALBES and subsequent structures were solved by MR in PHASER. All the refinements were done using Coot, Refmac5 and PHENIX.
In vitro experiments were carried out with recombinant proteins expressed in Escherichia coli (or insect cells for full-length DAXX). Histones, including all mutants, were purified under denaturing conditions, refolded by dialysis and purified over a Superdex 200 column. Pull downs were carried out with immobilized GST-tagged DAXX fragments and analysed by SDS-PAGE (polyacrylamide gel electrophoresis) and Coomassie staining.
For co-immunoprecipitation experiments, HeLa or 293T cells were transiently transfected. Immunoprecipitations were performed from nuclear extracts with magnetic affinity resin. Elutions were analysed on SDS-PAGE by Coomassie stain or western blotting.
Full Methods and any associated references are available in the online version of the paper.
